The 5-hydroxytryptamine receptor (5-HT 3 R) is a prototypical pentameric ligand-gated ion channel. Results: The receptor's thermal stability was investigated in native plasma membranes, in detergent solution, and in reconstituted lipid bilayers. Conclusion: Unfolding of the 5-HT 3 R occurs via hierarchical, consecutive structural transitions, which can be distinguished experimentally. Significance: Our findings serve as an important base to create receptors of increased stability for structural/functional studies.
The 5-HT 3 R 2 is a homopentameric ligand-gated ion channel (LGIC) responsible for rapid transmission of serotonin signals between synapses of nerve cells (1) (2) (3) (4) . It belongs to the large family of Cys loop LGICs that has considerable therapeutic interest because of its important role in signal transduction (3, (5) (6) (7) . Present structural models of Cys loop receptors rely on high resolution structures of nonvertebrate homologs (8 -11) . According to these models, a typical Cys loop LGIC is composed of three distinct structural and functional entities as follows: a large ␤-structured extracellular domain comprising the ligand-binding site(s); a helical transmembrane channel-forming part, and an intracellular domain that probably interacts with the cellular cytoskeleton. How binding of an agonist on the extracellular side gates the intramembranous channel and finally transmits an electrochemical signal across the plasma membrane remains an important open question. Between ligand binding and channel opening, the receptor probes a large number of sequential conformational transitions (12, 13) . However, directly determined high resolution structures of vertebrate Cys loop receptors are still missing due to difficulties in production, extraction, and crystallization of these proteins. Investigating the thermodynamic stability of these membrane proteins will contribute to overcoming some of these hurdles.
Thermodynamics of ␣-helical membrane protein folding and unfolding have been reviewed elsewhere (14 -20) . Classical work concentrated on model membrane proteins like bacteriorhodopsin to obtain Gibbs free energies for their unfolding/ refolding. This has resulted in the proposal of a two-stage mechanism (21) : during membrane insertion the ␣-helices form first and subsequently assemble into compact functional transmembrane protein structures. Since then, this model has been further refined and extended by taking into consideration the intermediate insertion steps such as helical protein parts at the membrane interface eventually switching to a transmembrane structure, as well as membrane protein oligomerization within the lipid bilayer (17, 18, 22) .
In vivo, most ␣-helical membrane proteins are assumed to fold and insert into the membrane via a similar mechanism, but enzymatically regulated and catalyzed by the translocon machinery (23, 24) , which is very difficult to replicate in vitro. Therefore, in the absence of such sophisticated machinery, membrane proteins are extracted and purified so that biochemical, biophysical, and structural studies (including x-ray crystallography) can be performed on proteins in detergent solution (25) . However, the particular composition of the lipid bilayer plays an important role in the activity of LGICs (26) ; removal of the lipid bilayer by detergent solubilization usually results in a decreased thermodynamic stability and sometimes in loss of functional activity (27) (28) (29) .
The thermostability of a protein is typically characterized by its melting temperature (T m ), the temperature at which 50% of thermal unfolding occurred. It has been found that proteins denaturing at higher temperatures generally have a greater free energy of maximal stability (30) . It is widely assumed that increasing protein thermostability improves the quality of protein crystals, which is why candidates for crystallization are often selected according to their thermostability (31) . For example, homologous proteins coming from thermophilic bacteria have often yielded crystals of better quality and in turn higher resolution than their less stable counterparts from mesophiles (32) . Screening for stabilizing mutations has become standard for water-soluble proteins in x-ray crystallography and is now slowly introduced for membrane proteins (29, (33) (34) (35) (36) (37) . Recently, engineered mutants of G protein-coupled receptors (GPCR) that have been screened for thermostability resulted in several high resolution three-dimensional structures (38, 39) . Despite the demonstrated importance of thermostability for protein crystallization, little is known about its mechanism in case of membrane proteins (40) .
In this study, we analyze the thermostability of the 5-HT 3 R in the native plasma membrane, during the process of detergent extraction from the plasma membrane of its host cell, in its detergent-solubilized purified state, and after lipid bilayer reconstitution. We use different methods (ligand binding, secondary structure, accessibility of Trp and Cys residues, and aggregation) to determine membrane protein thermostability to probe and distinguish different functions and in turn different structural domains of the receptor. Up until now, most of the unfolding/refolding studies have been performed on much simpler membrane proteins than the presently studied multimeric, multifunctional, and multidomain 5-HT 3 R.
EXPERIMENTAL PROCEDURES
Materials-Materials for cell medium like DMEM/F-12 with GlutaMAX, fetal bovine serum (FBS), trypsin/EDTA, Dulbecco's PBS, and blasticidin were purchased from Invitrogen. Hygromycin and complete protease inhibitors were from Roche Applied Science. Tetracycline, sodium butyrate, d-desthiobiotin, polyethyleneimine, asolectin, Coomassie Brilliant Blue G-250, acrylamide, 6-aminohexanoic acid, and N-acetyl-L-tryptophanamide (NATA) were from Sigma. Nonaoxyethylene n-dodecyl ether (C 12 E 9 ) was from Affymetrix. Quipazine and granisetron were from Tocris Bioscience.
propanone) had a specific activity of 79 Ci/mmol and was from PerkinElmer Life Sciences. N-[4-(7-Diethylamino-4-methyl-3-coumarinyl)-phenyl]-maleimide (CPM) was from Invitrogen. 1,2,3,9-Tetrahydro-3-[(5-methyl-1H-imidazol-4-yl)-methyl]-9-(3-amino(N-fluorescein-thiocarbamoyl)-propyl)-4H-carbazol-4-one) was obtained from Ruud Hovius; synthesis has been described elsewhere (41) .
Cell Lines and Cell Maintenance-Mouse 5-HT 3 R cDNA with an N-terminal Strep tag was inserted into a tetracyclineinducible CHO cell line. Cells were maintained at 37°C under a humidified 5% CO 2 atmosphere in tissue culture-treated flasks (TPP, Switzerland) containing DMEM/F-12 medium with GlutaMAX and 10% FBS. Cells were passaged by trypsin or PBS/EDTA treatment (final EDTA concentration 1 mM) when they reached 80% confluence and reseeded by a 20 -50-fold dilution into fresh medium. To keep selection pressure on stable cell lines, 5-HT 3 R-expressing cells were cultivated in the presence of 200 g/ml hygromycin and 10 g/ml blasticidin.
Production of Purified 5-HT 3 R-5-HT 3 R-expressing cells were grown in roller bottles containing DMEM/F-12 medium with GlutaMAX and 10% FBS. After 8 days 5-HT 3 R expression was induced with 2 g/ml tetracycline and 4 mM sodium butyrate, and 40 h later cells were harvested with Dulbecco's PBS/ EDTA, pelleted, frozen in liquid nitrogen, and stored at Ϫ80°C.
Membrane preparation and solubilization of 5-HT 3 R were performed as described before (42) . All steps were performed at 4°C. Membranes were prepared by thawing cells and resuspending them in 10 mM HEPES, pH 7.4, containing 1 mM EDTA and protease inhibitors. The suspension was kept on ice and homogenized with an Ultra-Turrax T25 (IKA, Germany) for 2 min. The homogenate was centrifuged at 110,000 ϫ g for 1 h and resuspended in 50 mM Tris/HCl, 500 mM NaCl, pH 7.4. Membranes were frozen in liquid nitrogen and stored at Ϫ80°C until further use.
C 12 E 9 was added to 1% (w/v), and membranes were solubilized by gentle agitation for at least 1 h. The solution was cleared by centrifugation (110,000 ϫ g for 30 min) and filtration (0.8 m) and then applied to a StrepTactin high capacity affinity column (IBA, Germany). 5-HT 3 R was allowed to attach to the column overnight by continuous flow, then washed with 2 column volumes of 50 mM Tris/HCl, 125 mM NaCl, 0.010% (w/v) C 12 E 9 , pH 7.4, and eluted in 3 column volumes of the same buffer supplemented with 5 mM d-desthiobiotin. For most applications, purified 5-HT 3 R was concentrated to 2 mg/ml using a 100,000 molecular weight cutoff ultrafiltration unit (Millipore). Protein concentration was determined by A 280 absorbance (Nanodrop 2000C, Thermo Scientific) assuming an A 280 of 1 ϭ 1 mg/ml protein and/or with a BCA protein assay (Thermo Scientific) containing 0.1% Triton X-100, using BSA as a standard. Phospholipid concentration was determined with the phospholipid C assay kit (Wako Diagnostics) using choline as a standard (assuming 0.54 mg/ml choline ϭ 3 mg/ml phospholipids).
Reconstitution of 5-HT 3 R into Proteoliposomes-5-HT 3 R was reconstituted from a solution of C 12 E 9 into asolectin proteoliposomes using Bio-Beads to remove detergent (43) . All steps were performed at 4°C or on ice. A ternary mixture of 5-HT 3 R, detergent, and lipids was created by mixing C 12 E 9 , asolectin, and purified 5-HT 3 R using a detergent concentration of 1% (w/v), a detergent-to-lipid ratio of 27 (w/w), and a lipid-to-pro-tein ratio of 8 (w/w). Bio-Beads SM-2 were added to the ternary mixture with a bead-to-detergent ratio of 10 in three steps as follows: (i) 2 volumes of Bio-Beads were added followed by incubation of 30 min at room temperature; (ii) 4 volumes of Bio-Beads were added followed by incubation overnight at 4°C; (iii) 1 volume of Bio-Beads was added followed by incubation for 1 h at 4°C. Proteoliposomes were collected by filtration over a disposable column, centrifuged at 110,000 ϫ g, and resuspended at 8 mg/ml in 50 mM Tris/HCl, 125 mM NaCl, pH 7.4.
To test which components (type of lipids, the bilayer itself, or cytosolic proteins like chaperones) contribute to 5-HT 3 R thermostability, we also recreated conditions of extraction and purification using cytosolic extract and lipids from native membranes. A cell homogenate from nonexpressing cells was made as described above (production of purified 5-HT 3 R), using 15 ml of buffer/g of cells. After centrifugation, the membrane fraction (containing native lipids) and supernatant (named cytosolic extract) were collected. The cytosolic extract was filtered through a 0.8-m diameter membrane filter before further use. Using the same ratios as described above, a ternary mixture and proteoliposomes were reconstituted with native membranes and lipids. A reconstituted cell homogenate was created by mixing 1 volume of proteoliposomes with 3 volumes of CHO cell extract.
Thermostability Probed by Radioligand Binding-A radioligand binding-based thermal stability assay was adapted according to Serrano-Vega et al. (38) . Samples were kept on ice, unless stated otherwise. Aliquots of 100 l were incubated for 30 min at temperatures between 25 and 80°C in increments of 5°C. A control sample was kept on ice all the time. The remaining activity was determined by radioligand binding at 4°C (described below). Radioligand binding data were normalized by comparing with the untreated sample. Data analysis was done by plotting the fraction of normalized ligand binding versus the incubation temperature using the Igor Pro software package (Wavemetrics) and fitting the data with a sigmoid curve, assuming the apparent T m equals the inflection point of the curve as shown in Equation 1,
In which L norm is normalized (radio-) ligand binding; T is the incubation temperature, and T m is the apparent melting temperature.
Radioligand Binding-Radioligand binding was performed as described elsewhere (42) , with minor changes. Samples were diluted in 1 ml of 10 mM HEPES, pH 7.4, in the presence of 0.4 nM [
3 H]GR65630 and equilibrated for 1 h at 4°C. For solubilized samples, 0.015% (w/v) C 12 E 9 was included. Free radioligand was removed from the samples by rapid filtration under vacuum through GF/B glass fiber filters (Whatman), pretreated for 15 min in 0.5% (w/v) polyethyleneimine, followed by 3-fold washing with 3 ml of ice-cold 10 mM HEPES, pH 7.4. Filters were transferred to scintillation vials, filled with 4 ml of Ultima Gold (PerkinElmer Life Sciences), and radioactivity was counted with a Tri-Carb 3100 TR liquid scintillation analyzer (Packard Instrument Co.). Nonspecific binding was determined in the presence of 1 M quipazine. Radioligand binding assays were performed in duplicate or triplicate.
Fluorescence Spectroscopy-Fluorescence spectra were recorded on a Cary Eclipse spectrophotometer (Varian) using 2 ϫ 10-mm 2 quartz cuvettes. Sample temperature was controlled with a Peltier heating element. For tryptophan fluorescence, purified 5-HT 3 R was diluted to 150 g/ml in KP i -buffer (10 mM potassium phosphate, pH 7.4, with 0.025% C 12 E 9 ), and in a closed cuvette the remaining air was replaced by purging with argon. Samples were excited at 290 nm, and emission spectra were taken from 300 to 500 nm with a 5-nm slit width. Spectra were taken from 5 to 80°C in 5°C increments. The temperature was set manually, and samples were allowed to equilibrate for 5 min before measuring a new spectrum. All spectra were corrected for background fluorescence and Raman scattering by subtracting a buffer-only spectrum. A control sample containing NATA in an equimolar amount to 5-HT 3 R tryptophan residues was recorded at the same time. Tryptophan quenching experiments were performed in the presence of 100 mM acrylamide. Data analysis was done using Igor Pro. Temperature-dependent changes of fluorescence intensity at the maximum emission wavelength of 5-HT 3 R and NATA were determined by taking a ratio (R) of the intensities at max of 5 and 80°C, R ϭ I max /I max ϩ5 nm (I 340 /I 345 nm for 5-HT 3 R and I 356 /I 361 nm for NATA). When indicated, the area under the curve was determined using the areaXY function of Igor Pro.
CPM fluorescence was recorded as described elsewhere (33) . Samples containing 5-HT 3 R at 150 g/ml in Tris buffer were excited at 387 nm, and emission was recorded at 463 nm on a Cary Eclipse spectrophotometer (Varian). The sample was heated using a Peltier element at 2°C/min from 4 to 80°C in 500-l quartz cuvettes. The inflection point of a sigmoid curve was not a good approximation for the melting temperature midpoint. Therefore, the apparent T m was determined by taking the temperature corresponding to the half-maximum intensity.
Far-UV Circular Dichroism-Purified 5-HT 3 R was diluted in KP i -buffer (10 mM potassium phosphate, pH 7.4, with 0.025% (w/v) C 12 E 9 ) to a concentration of 150 g/ml. When the stock concentration of the protein was smaller than 2 mg/ml, the sample was dialyzed for several hours against the same buffer to prevent high UV absorption of contaminating buffer components. Circular dichroism was measured on a 62DS CD spectrometer (Aviv Biomedical) in 1-mm pathlength quartz cuvettes. Spectra were recorded from 260 to 190 nm at a sampling interval of 1 nm, a bandwidth of 1.5 nm, and an averaging time of 5 s. Sample temperature was controlled with a Peltier heating element, and temperature dependence was measured from 5 to 80°C in 5°C increments. A 5-min equilibration time was sufficient after experimental observation that the signal no longer changed thereafter. All spectra were recorded in triplicate and were background-corrected with buffer. Spectra were smoothed by Savitzky-Golay filtering with 7 points and a second order polynomial using Igor Pro and converted to molar ellipticity ⍜ (44).
Near-UV Circular Dichroism-Purified 5-HT 3 R was diluted in KP i -buffer to a concentration of 325 g/ml, and near-UV CD spectra were recorded on a Peltier-controlled 62DS CD spec-trometer in 1-cm pathlength quartz cuvettes at temperatures ranging from 10 to 80°C in 10°C increments. Twenty spectra were summed and averaged, each recorded from 320 to 250 nm with a sampling interval of 2 nm and an averaging time of 5 s. Samples were equilibrated for at least 5 min each time a new temperature set point was reached. All spectra were corrected for background and were smoothed by Savitzky-Golay filtering with 7 points and a second order polynomial in Igor Pro software.
Blue Native-PAGE-Blue native-PAGE was performed as described elsewhere (45) (46) (47) . Pre-casted 5-20% gradient gels (Bio-Rad) were loaded with 10 g of 5-HT 3 R in blue native sample buffer (final concentrations 10% glycerol, 0.2% Coomassie Brilliant Blue G-250, and 20 mM 6-aminohexanoic acid). Electrophoresis cathode buffer consisted of 50 mM Tricine, 15 mM BisTris/HCl, 0.002% Coomassie, pH 7, and anode buffer of 50 mM BisTris/HCl, pH 7. Electrophoresis was done at 4°C, starting at 25 V for 20 min, until all samples entered into the gel, and continued at 125 V for at least 2 h, until the bands were practically immobilized by the gel matrix. Excess Coomassie dye from detergent micelles without protein was removed by destaining, and protein bands were visualized again by normal staining. Oligomers of BSA were used as a molecular weight marker. Densitometric analysis of BN-PAGE bands was performed using ImageJ and fitted using Igor Pro.
Transmission Electron Microscopy-For EM, samples of untreated and heat-treated 5-HT 3 R were diluted to 20 g/ml. 5 l was adsorbed for 60 s to glow-discharged Parlodion carboncoated copper grids. The grids were then blotted, washed on five drops of double distilled water, and negatively stained on two droplets of 2% uranyl acetate, pH 4.3, solution. Samples were imaged at a nominal magnification of ϫ64,000 and ϫ92,000 using a Philips CM10 electron microscope (Philips, Eindhoven, the Netherlands) operating at 80 kV. Electron micrographs were recorded on a 2000 ϫ 2000 pixel chargecoupled device camera (Veleta, Olympus soft imaging solutions GmbH, Münster, Germany) mounted in the 35-mm port of the electron microscope, resulting in a final pixel size of 0.74 and 0.52 nm on the specimen level.
RESULTS

Thermostability at Different Stages of 5-HT 3 R Purification-
Thermostability of 5-HT 3 R was measured at different stages during solubilization, purification, and reconstitution in lipid bilayers. The function of the receptor was probed by a thermostability assay based on radioligand binding (38) , which allows heat perturbation of small samples with a different composition of membranes, lipids, and detergents. The binding activity of 5-HT 3 R for a particular antagonist at different incubation temperatures could be fitted with a sigmoid curve describing the thermotropic transition of the receptor by a two-state model from a folded to an unfolded state (Fig. 1) . From the inflection of the sigmoid curve, an apparent T m can be determined, signifying the temperature at which 50% of ligand binding is lost.
The T m of 5-HT 3 R in plasma membranes is 70°C and drops by 17°C when the receptor is detergent-solubilized and affinity-purified (Fig. 1A) . Addition of detergent alone leads to a drop of 11°C; washing away lipids and other membrane components leads to a further drop in T m by 6°C. This process is only partly reversible; recreating the membrane environment by first adding asolectin lipids (⌬T m ϭ 3°C) and then removing detergent FIGURE 1. Thermostability of 5-HT 3 R at different stages of purification measured by radioligand binding. Samples containing 5-HT 3 R were collected after extraction with C 12 E 9 , purification, and reconstitution into lipid bilayers, and after a 30-min thermal challenge, the remaining activity was determined by radioligand binding at 4°C. A, thermostability during purification from cell homogenate, membrane fraction, and solubilized membranes to purified 5-HT 3 R. B, thermostability during reconstitution (Rec.) from purified 5-HT 3 R, ternary mixture, and proteoliposomes to cell homogenate. C, apparent T m of indicated samples.
(⌬T m ϭ 8°C) resulted in 5-HT 3 R proteoliposomes with a final T m of 63°C (Fig. 1C) .
To rule out any influence of cytosolic chaperones on protein stability, the thermostability of 5-HT 3 R in the membrane and proteoliposome fractions was also determined in the presence of a cytosolic cell extract. We found that addition of a cellular cytosolic fraction had no influence on the T m of 5-HT 3 R in proteoliposome or membrane fractions. The effect of the lipid composition on 5-HT 3 R thermostability was tested by replacing asolectin lipids for native lipids from a CHO membrane fraction (not containing 5-HT 3 R). However, this detergent-solubilized extract of native lipids did not change the melting temperature either of the ternary mixture (5-HT 3 R, lipids, and detergent), or of the proteoliposomes, or of the reconstituted homogenate fractions (results not shown).
Thermostability of Purified 5-HT 3 R Investigated by Spectroscopic Methods-Detergents are typically used to keep membrane proteins in solution. C 12 E 9 was used here because it was reported to be the optimal detergent for 5-HT 3 R solubilization, while retaining ligand binding (42) . Most detergents have a cloud point (the temperature at which detergent separates into a detergent-rich and a detergent-poor phase, giving the solution a turbid, cloud-like appearance) that could interfere with thermal unfolding. The documented cloud point of C 12 E 9 is 88°C (48, 49), which is lowered by a few degrees in the presence of physiological concentrations of sodium chloride (49) . We routinely found the cloud point between 80 and 85°C, after visually confirming a sudden increase of sample turbidity, effectively setting the upper limit of heating detergent-containing solutions to 80°C. Additionally, the critical micelle concentration and the aggregation number of detergents per micelle are dependent on temperature. We determined that the critical micelle concentration of C 12 E 9 increased from Ϸ10 to Ϸ20 M during heating from room temperature to 65°C (results not shown). In this study, the concentration of C 12 E 9 was kept always Ն250 M, well above the critical micelle concentration threshold.
A single 5-HT 3 R subunit contains 13 Trp residues of which 9 are located in the extracellular domain, 2 in the transmembrane domain, and 2 in the intracellular domain. During thermal unfolding of the 5-HT 3 R, aromatic tryptophan residues buried inside the protein are expected to become water-accessible, leading to a shift of the protein's intrinsic fluorescence spectrum toward long wavelengths. This is best visualized by the intensity-normalized spectra and their difference with respect to the 5°C spectrum, taking the fluorescence spectra of N-acetyltryptophanamide (NATA) as reference (Fig. 2, A and  B) . Because we were interested in a red shift of the wavelength at maximum intensity, max , we have plotted the temperature dependence of the fluorescence intensity ratio R rec ϭ I 340 /I 345 of the receptor in Fig. 2C , which corresponds to the max at 5 and 80°C (i.e. 340 and 345 nm). R rec started to decrease around 50°C until it reached a plateau at around 70°C; fitting these changes by a two-state unfolding model resulted in an apparent T m of 63.7 Ϯ 2.8°C. Contrary to the temperature-induced red shift of the fluorescence spectra of 5-HT 3 R, the shape of the intensity-normalized fluorescence spectra of the water-soluble small NATA molecule remained almost constant with a maximum at 360 nm and only tiny intensity changes below 350 nm. If we take an analogy to the case of 5-HT 3 R, an intensity ratio R NATA ϭ I 356 /I 361 surrounding max and plot it as a function of temperature, the NATA ratio remains constant over the entire temperature range (Fig. 2C) .
Next, we investigated the temperature dependence of the intrinsic fluorescence of 5-HT 3 R and NATA. In both cases, the fluorescence intensity decreases with increasing temperature (Fig. 2, A and B) . To extract the influence of the receptor's structure and structural changes on the fluorescence intensity temperature profile, we first plotted the fluorescence intensities (total area under the peak) of 5-HT 3 R and NATA as a function of temperature, normalized to identical intensities at 5°C (Fig.  2D) . Although the intensity of NATA decreases hyperbolically with increasing temperature, the intensity profile of 5-HT 3 R shows a clear break between 50 and 60°C. This becomes most obvious when plotting the temperature dependence of the ratio of intensities of the receptor relative to NATA, R i ϭ I rec /I NATA . First, this ratio shows that the Trp residues (and to a minor extent the Tyr residues) giving rise to the receptor's intrinsic fluorescence are always more shielded than the small fluorophore NATA dissolved in water. The temperature profile of R i shows two distinct regimes as follows: one linear increase with temperature between 5 and 50°C, followed by a clear break, and then further a steeper, continuous, and slightly hyperbolic increase with temperature. The break correlates with the onset of protein unfolding detected in Fig. 2C . Apparently, the receptor's Trp and Tyr residues are better shielded to temperaturedependent quenching effects in the unfolded than in the folded state.
This correlates with the result we have obtained from an additional experiment where the intrinsic fluorescence of the 5-HT 3 R was quenched with acrylamide ( Fig. 3, A and B) . Acrylamide is often used to probe the accessibility of aromatic residues within proteins by collisional quenching (50) . For 5-HT 3 R, the efficiency of fluorescence quenching at a particular acrylamide concentration continuously increases with elevating temperatures between 10 and 40°C. At higher temperatures, where the protein starts to unfold, the quenching efficiency is distinctly decreased, until this transition is completed at around 70°C, at which point the quenching efficiency increases as between 10 and 40°C (Fig. 3B) .
As is the case for tryptophan residues, cysteine residues buried in the interior of a protein (two in the ECD, two in the TMD, and three in the ICD) become more accessible upon thermal unfolding. The fluorescence intensity of the thiol-specific probe CPM increases substantially upon reacting with cysteine residues and is therefore suited for following thermal unfolding of proteins (33). 5-HT 3 R, which contains five free cysteine residues in the membrane and intracellular regions per receptor subunit, was heated while CPM fluorescence was monitored (Fig. 4) . From the thermal profile, we determined an apparent T m of 61°C by taking the temperature at half-maximum fluorescence intensity.
Information about changes in the secondary structure of proteins during thermal unfolding can be obtained by far-UV CD spectroscopy. ␣-Helices, ␤-sheets, turns, and unordered residues contribute in different proportions to the molar ellipticities ⍜ of the CD spectrum between 190 and 240 nm. The temperature dependence of the 5-HT 3 R CD spectrum between 190 and 240 nm was recorded in 5°C increments (Fig. 5A) . The ␣-helical structure, observed preferentially at 222 nm (51), was unaffected by temperature until about 40°C, when a slow transition started, which reached a plateau around 80°C (Fig. 5B) . The presence of an isosbestic point at 201 nm indicates a two- (Fig. 5D ) also show a transition between 50 and 70°C (a decrease of ⍜ 195 indicates a loss of both ␣-helix and ␤-sheet content and a concomitant increase of unordered conformations), which we did not fit to a two-state model due to increased scattering of data values at wavelengths lower than 200 nm.
To probe the tertiary structure of 5-HT 3 R, we measured near-UV CD spectra of the protein between 250 and 320 nm (Fig. 6) originating from the protein's aromatic amino acid side chains (Trp, Tyr, and Phe). At temperatures between 10 and 50°C, several distinct peaks were observed (around 264, 280 -282, and 296 nm; Fig. 6A ), which suggest a defined tertiary structure of our receptor protein (52, 53) . At temperatures T Ն 60°C, the spectra have lost these peaks, indicating a loss of defined tertiary structure (Fig. 6A) . The major optical changes occur at temperatures between 50 and 70°C (Fig. 6B) , coincident with the changes observed before in the far-UV CD spectra (Fig. 5) .
It has been shown that ligand binding can improve the thermostability of certain receptor proteins (33) . Here, we used CD to investigate the influence of the antagonist granisetron (54) on the thermostability of 5-HT 3 R. At 5°C, binding of granisetron to 5-HT 3 R did not change the receptor's CD spectrum (Fig. 7A) . But when melting of 5-HT 3 R was observed at ⍜ 222 and fitted with a sigmoid curve, the resulting T m indicated a stabilization of 5-HT 3 R by granisetron of about 2°C (Fig. 7B) .
Aggregation of 5-HT 3 R after Thermal Perturbation-Melting of the 5-HT 3 R results in the irreversible loss of function when measured by ligand binding, and clear changes in its structure can be deduced from spectroscopic measurements. Of consid-erable interest for membrane protein thermodynamics is the reversibility of the unfolding process and, related to that, the aggregation of unfolded proteins. Large aggregates of unfolded protein can usually be detected by an increase of sample turbidity or can be collected after centrifugation. But when 5-HT 3 R was melted, the turbidity of the samples did not change visually (until the cloud point of C 12 E 9 was reached), and no pellet was detected after centrifugation.
In this context, we analyzed the state of aggregation of the 5-HT 3 R by EM and BN-PAGE. Samples of negatively stained 5-HT 3 R were compared with transmission electron microscopy before and after a 30-min incubation at 80°C. Before heating, the sample appeared homogeneous in EM images, with a clearly detectable pentameric 5-HT 3 R top view, and it contained only a tiny amount of aggregates (Fig. 8A) . After heating, the pentameric top views of 5-HT 3 R were lost, and 20 -50-nmsized protein aggregates were formed, containing several 5-HT 3 R pentamers (Fig. 8B, inset) .
Aggregation of 5-HT 3 R was investigated with BN-PAGE, which has the potential to detect up to megadalton-sized objects. Samples containing 10 g of 5-HT 3 R were incubated at increasing temperatures (similar as Fig. 1 ) and separated by BN-PAGE (Fig.  9A) . When the incubation temperature increased above 50°C, first a transient increase of dimers was observed, followed by trimers and tetramers of 5-HT 3 R. At more elevated temperatures, the fraction of mono-and di-pentameric species of 5-HT 3 R was further reduced, and larger oligomers were formed that reached a size that effectively excluded them from entering the gel matrix. By using densitometric analysis of BN-PAGE bands, a transition temperature for aggregation could be calculated at 54.3°C for the loss of mono-pentameric 5-HT 3 R and at 58.5°C for the formation of large aggregates (Fig. 9B) .
DISCUSSION
In this study, several methods were combined to measure the stability of a pentameric ligand-gated ion channel, the 5-HT 3 receptor. The results presented here show a unique picture of how stability is dependent on external membrane-related factors as well as internal structure (and ultimately function)-related factors.
Ligand Binding Activity of the 5-HT 3 R Is Modulated by the State and Composition of the Lipid Bilayer Membrane-Al-
though the ligand binding site(s) of the 5-HT 3 R is (are) predicted to be located at the interfaces between the ␤-sheet-structured extracellular regions of the subunits (3), it is striking that the thermostability of the receptor's ligand binding activity very sensitively depends on the particular environment of its helical transmembrane regions. In the cellular plasma membrane, ligand binding of the receptor remains active up to 70°C ( Fig. 1 and Table 1 ). Already the solubilization of the plasma membrane by adding detergent shifts the ligand binding thermostability by 10°C to lower temperatures. Purification of the receptor in a detergent-solubilized form (i.e. removing all native lipids and other membrane components) finally shifts the ligand binding thermostability to 53°C, in total down by 17°C from its state in native plasma membranes. The thermostability can be partly restored to 63°C by reconstituting the receptor into membranes, either from the purified form into artificial lipid bilayers or from the detergent-solubilized plasma membrane mixture. This shows that the lipid bilayer contributes by about 10°C to the thermostability of both down-and upward shifts. The fact that thermostability was not fully reconstituted, even from a plasma membrane detergent solution comprising all original membrane lipids, indicates that further contributions to thermostability originate from interactions of the 5-HT 3 R with other membrane components in the highly crowded cellular environment, which is impossible to reconstitute under the conditions used (maximum 11% 5-HT 3 R by weight).
From the study of the thermostability of the 5-HT 3 R, the following important lessons can be learned. (i) The thermal stability of the receptor's extracellular ligand binding region is coupled via the receptor's transmembrane helical region to the lipid bilayer membrane. Apparently, the transmembrane part serves as a structural template for the extracellular portion of the LGIC. (ii) The contribution of the lipid membrane can be distinguished from other influences such as receptor-protein interactions.
5-HT 3 R Shows a Higher Thermal Stability than Most Other Membrane Proteins
Investigated-As the lipid bilayer and the detergent micelle serve like a solvent for the transmembrane part, the situation of the LGIC's function can be compared with the situation of water-soluble proteins, for which structural fluctuations important for folding and function follow solvent fluctuations (55) . This view is further supported by our investigations of the thermal unfolding of the 5-HT 3 R probed by the structure-sensitive techniques discussed below.
The role of distinct lipids for the allosteric activation of LGIC is well documented for several forms of the homologous nAChR (26) . Although it is generally known that detergents form a poor substitute of the lipid bilayer in terms of retaining the protein's stability (27) , the experimental proofs thereof are poorly documented. For instance, from differential scanning calorimetry thermograms, a stabilization of 20°C was found for bacteriorhodopsin in its trimeric state in native purple membranes (T m ϭ 100°C) compared with its detergent-solubilized monomeric state (14) . In another case, the structural stability of the ␤-barrel bacterial outer membrane protein OmpA was coupled to the properties of a lipid bilayer (56) . The thermal stability of the ligand binding activity of the 5-HT 3 R is quite high compared with that of other membrane protein classes such as G protein-coupled receptors that typically are observed in a temperature range of 23-40°C in detergent-solubilized form (34, 36) .
As a consequence of the destabilizing effects of detergents on membrane proteins, the first and most important step in extraction and purification of membrane proteins is the choice of detergent. Hence, considerable attention has been given elsewhere for finding detergents that keep membrane proteins stable (33, (57) (58) (59) . Here, we have used C 12 E 9 because it was found before to be the most suitable detergent for 5-HT 3 R extraction while retaining the receptor's ligand binding activity (42) . For the homologous nAChR, C 12 E 9 was also found to be among the most lipid-retaining detergents (57) . Here, we found that lipids stabilize 5-HT 3 R directly ( Fig. 1 and Table 1 ), suggesting that lipid retention is an important factor for stabilizing membrane proteins in detergent micelles. In fact, a specific composition of lipids was found to stabilize the nAChR (60), which is routinely purified in the presence of small amounts of lipids.
Apparent melting temperatures of T m ϭ 60 -62°C have been reported for nAChR from calorimetric thermograms and bungarotoxin binding (61, 62) . Using Fourier transform infrared spectroscopy, a melting temperature of 56°C was found for nAChR in phosphatidylcholine/phosphatidic acid/cholesterol lipids that was sensitive to the lipid composition and the presence of agonist carbamylcholine (60) . Circular dichroism studies found melting transitions of acetylcholine-binding proteins (AChBP), at T m ϭ 65°C for Lymnaea stagnalis AChBP and at T m ϭ 50 -55°C for Bulinus truncatus AChBP (63). For purified 5-HT 3 R in C 12 E 9 , we determined a T m of 61°C using circular dichroism and 64°C from intrinsic protein fluorescence (Table  1) . For the ligand binding activity of detergent-solubilized 5-HT 3 R, we found a T m of 59°C, which dropped to 53°C after plasma membrane lipids were removed by affinity purification of the receptor. It is interesting to compare our T m values for the 5-HT 3 R with those reported elsewhere for dodecyl maltoside-solubilized, nonpurified GPCRs as follows: T m ϭ 23°C for human adenosine A 2A receptor, 32°C for turkey ␤ 1 -adrenergic receptor, 40°C for the neurotensin receptor (29°C for apo-neurotensin), and 55°C for rhodopsin (34, 36) .
5-HT 3 R Increases Conformational
Flexibility with Temperature before Unfolding-For thermostability determined by CPM fluorescence, only few examples have been reported, with T m values of 42°C for the human adenosine A 2A receptor (64) and 45°C for the human apelin receptor (33) . Under comparable circumstances, our CPM fluorescence melting curve for the 5-HT 3 R delivers a T m of 61°C (Fig. 4) . However, the continuous melting curve does not resemble a sigmoid-like transition, as is common in other experiments reported here and elsewhere. Instead, next to a sigmoid-like transition centered around 60°C, a second component can be observed that increases continuously with temperature until about 55°C. This continuous component resembles the broad thermal conformational changes below the T m observed by CD and intrinsic protein fluorescence. The increase of cysteine accessibility and the decrease of helical content must be correlated with increased structural fluctuations that parallel the continuous thermal volume expansion of proteins (65) . A correlation between internal conformational fluctuations and CD helix content was shown for short transmembrane polypeptides elsewhere (66) . A further increase of temperature above 55°C induces a discontinuous volume change correlated with structural unfolding of 5-HT 3 R, which resembles a sigmoid transition scaling with the loss of ligand binding (Fig. 1A ) and the formation of higher oligomers (Fig. 9 ). Obviously, with increasing temperatures, the receptor explores an enlarging conformational landscape, which eventually induces the protein to unfold.
During Unfolding the 5-HT 3 R Adopts Consecutively Distinct Structural States-Heating of 5-HT 3 R ultimately leads to the formation of irreversible aggregates (Figs. 8 and 9 ). With increasing temperature, aggregates, in the form of higher oligomers, can be distinguished both visually (Fig. 8B ) and quantitatively from the densitometric analysis (Fig. 9B) . The loss of monomeric 5-HT 3 R pentamers is accompanied by a transient increase of di-pentameric 5-HT 3 R, reaching a maximal concentration around 50°C. At incubation temperatures higher than 50°C, there is a further loss of the monomeric form of 5-HT 3 R pentamers as well as a loss of the dimeric form of 5-HT 3 R pentamers, but now trimeric and tetrameric forms of 5-HT 3 R pentamers appear transiently with maximal concentration around 55°C. At even higher temperatures, high molecular mass aggregates appear at the cost of disappearing monomeric and lower oligomeric forms of the 5-HT 3 R pentamers. Still, as shown by electron microscopy, a large fraction of aggregates remain at a small size (inset, Fig. 8B ), probably due to the presence of detergent. These small aggregates (around 20 nm) do not influence Fig. 2 . g See Fig. 4 . h See Fig. 5 . i See Fig. 9. spectroscopic measurements in the form of light-scattering artifacts.
For the 5-HT 3 R in detergent solution, intrinsic protein fluorescence, CPM fluorescence, and circular dichroism, which all report on changes of the protein structure, show a melting temperature around 61°C, with changes occurring over a temperature range of more than 20°C. Contrastingly, the radioligand binding thermostability assays reflect an irreversible loss of binding function within a small temperature range of about 5°C with a T m of 53°C for 5-HT 3 R in C 12 E 9 . Apparently, subtle structural changes are sufficient to lead to the receptor's loss of ligand binding activity at a relatively low temperature in detergent solution, and the conformation-sensitive probes sample a mean overall structural change composed of successive different structural transitions. As the ligand-binding site is proposed to be located at the interface between protein subunits in the extracellular region, the thermal stability of ligand binding intrinsically reflects interactions between subunits of the 5-HT 3 R.
The loss of ligand binding during thermal unfolding of 5-HT 3 R (Fig. 1 and Table 1 ) is highly correlated with a sharp loss of monomeric 5-HT 3 R pentamers (Fig. 9B) , whereas the appearance of large aggregates correlates with T m values detected by structure-sensitive optical techniques (CD, intrinsic protein fluorescence, and CPM reactivity for cysteine residues). Radioligand binding assays and BN-PAGE clearly detect distinct and sharp consecutive structural transitions of 5-HT 3 R during thermal unfolding, whereas the structure-sensitive optical techniques sampled over these transitions reveal the following: (i) the overall average conformational changes are spread over a broad temperature range, and (ii) the major conformational change of the ␣-helical transmembrane region occurs at a higher temperature than the loss of ligand binding.
Of interest in this context is a recent study suggesting a loose packing of the extracellular ligand binding domains of pentameric.
LGIC; this structural evolution is supposed to lead to increased flexibility of the extracellular domains, which should facilitate agonist-induced channel activation (63, 67). Another (70) , pore-lining residues (red) (3), cysteine residues, including the predicted Cys loop disulfide bridge (orange), the tryptophan residues (magenta), and the location of the lipid bilayer (gray). Secondary structure is assigned based on prediction algorithm PROMALS3D (71), including helix X. Helix MA is predicted to extend transmembrane helix M4 (with analogy to the electron microscopy-based structural model of the nAChR) (11) . study shows the important role of the C-terminal helix (TM4) in the global stability of pentameric LGIC's: glycine and 5-HT 3 receptors lacking the TM4 form oligomers of random stoichiometry and can only be rescued by the presence of a TM4 peptide (68) . The membrane-spanning helical bundles might act as a template to keep the loosely packed extracellular domain together (Fig. 10) , as indicated in our case by the increased thermostability of the ligand binding activity of the 5-HT 3 R in native and reconstituted membranes.
Taken together, our results show an uncoupling between unfolding of the extracellular domain and the membrane-spanning domain of the 5-HT 3 R in detergents. Unfolding would start at the ␤-sheet-rich extracellular domain where the ligandbinding site is located (3, 69) , with a subsequent onset of aggregation when the extent of unfolding proceeds toward the ␣-helical membrane domain. It should be noted that even at 80°C protein unfolding is not complete, as 80% of the ␣-helices are still intact; a similar trend is often observed during thermal unfolding of helical membrane proteins (14, 20) . A recent study showed this exceptional thermostability by using a helical polyleucine peptide inserted into synthetic lipid vesicles. No loss of helical structure was observed by CD over a temperature range between 45 and 85°C (22) . Our CD data of the 5-HT 3 R are consistent with a folding model of the protein subunit in a lipid membrane depicted in Fig. 10 . It is reasonable to speculate that a major part of the 20% decrease of the helical content seen in the change of the CD signal at ⍜ 222 during thermal unfolding concerns the predicted extra-membranous helical portions of the receptor.
Conclusion-In the last decade, protein thermostability is increasingly appreciated for its role in structure determination by crystallization (27, 30) . Especially for proteins that have proven difficult to crystallize, like membrane proteins, the use of thermostable proteins could improve the chance of successful crystallization (31, 34, 38) . Our study concerns the effect of detergent solubilization and purification on the thermostability of the 5-HT 3 R. We show that a lower thermostability can be attributed in a major part to loss of the lipid bilayer and additionally to the loss of individual constituents of the lipid bilayer, like certain lipids and other membrane components. These results restate the importance of detergent screening for membrane proteins or, vice versa, the thermostabilization of membrane proteins for detergents.
It is also shown that a majority of the methods used for the analysis of 5-HT 3 R thermostability in detergent solution result in similar melting temperatures. In comparison with other membrane proteins in their native state, for example GPCRs, the 5-HT 3 R (and by extrapolation other pentameric LGICs) shows increased thermostability. Because the ligand-binding domain of 5-HT 3 R proceeds to unfold before the helical membrane domain (this study), and because extracellular domains of pentameric LGICs are predicted to have a loose hydrophobic packing (67), we propose that the origin of the increased stability of LGICs over GPCRs must be searched in the superior packing of the transmembrane helices of LGICs compared with GPCRs. Another conclusion that can be drawn is that in the presence of detergent 5-HT 3 R is more likely to aggregate irreversibly at higher temperatures.
This study shows a correlation between the presence of detergents, the irreversible formation of aggregates, and protein thermostability; this points to the importance of screening for enhanced thermostability for the crystallizability of membrane proteins (29, (33) (34) (35) (36) (37) . Here, we reveal for the first time that thermal unfolding of a multisubunit, multidomain, and multifunctional membrane protein such as the 5-HT 3 R occurs via hierarchical consecutive structural transitions, which can be distinguished experimentally using different approaches to probe different properties of the receptor.
